The purpose of this study was to obtain a fraction with high antioxidative activity from second rockfish gelatin hydrolysates (SRSGHs), which were hydrolyzed with Alcalase and Flavourzyme through ultrafiltration membranes with serial digestions for 1 and 2 h, respectively, and to investigate the feasibility of this fraction as a potential functional food ingredient. Among various fractions that were ultrafiltered from the SRSGH with four types of membrane (1, 5, 10, and 30 kDa), the SRSGH-III fraction, which permeated the 10 kDa membrane but not the 5 kDa membrane, showed the highest antioxidant activity (protection factor=5.13) and angiotensin-I-converting enzyme-inhibiting activity (IC 50 =0.82 mg/mL). These results suggest that the SRSGH-III fraction from the SRSGH can be used as a functional food ingredient. However, further studies examining its antioxidant activity in vivo as well as the different antioxidant mechanisms are needed.
Introduction
Korean rockfish Sebastes hubbsi is one of the primary aquaculture species in Korea, with an estimated yield of 20,918 M/T in 2010 (Fishery Production Survey, 2011) . These large yields provide a unique opportunity for gelatin extractions from rockfish skin, which is generated in sizeable quantities (~3.4% of a whole fish) as a byproduct in sliced raw fish production (Kim et al., 2011) . Because of the low rheological properties of fish gelatin (Kim and Park, 2004) and its conversion into biologically active peptides by enzymatic hydrolysis, the skin of many fish species has been investigated as a potential source of natural antioxidants against lipid peroxidation and inhibitors of angiotensin I converting enzyme (ACE) (Byun and Kim, 2001; Kim et al., 2001a) . The intact form of the gelatin contains many bioactive proteins due to the presence of biologically active peptide sequences in their primary structures. Numerous methods have been used to release bioactive peptide fractions from native proteins; proteolytic digestion and fractionation through ultrafiltration (UF) membranes with different molecular weight cut-offs (MWCOs) is one of the most common methods (Kim et al., 1994 (Kim et al., , 2001b Jeon et al., 2000) . Fractionation through UF membranes has several advantages, such as the mass-production capability and the enhancement of some functional properties in comparison with the original hydrolysate. It also involves a simpler separation process and lower production cost than chromatographic processing (Jeon et al., 2000) . Thus, the ability to produce functional gelatin hydrolysates from rockfish skin gelatin should be examined, and the resulting fractions should be tested for high antioxida-activity, the SRSGH was sequentially fractionated based on molecular weight using four types of UF membranes with MWCOs of 30, 10, 5, and 1 kDa. The fractions were defined according to molecular size and the resultant supernatant and permeates as follows: SRSGH-I, supernatant that did not permeate the 30 kDa membrane; SRSGH-II, permeate that permeated the 30 kDa membrane but not the 10 kDa membrane; SRSGH-III, permeate that permeated the 10 kDa membrane but not the 5 kDa membrane; SRSGH-IV, permeate that permeated the 5 kDa membrane but not the 1 kDa membrane; and SRSGH-V, permeate that permeated the 1 kDa membrane. The fraction (SRSGH-I) and permeates (SRSGH-II to V) of SRSGH were lyophilized for 5 days with a freeze-drier (FDU-540; Eyela, Tokyo, Japan).
Induction period and protection factor
The induction periods (IPs) of SRSGH and SRSGH-I to V were determined at 120°C using an automated Rancimat apparatus (Model 743; Metrohm, Herisau, Switzerland) as described by Frega et al. (1999) . The glassware was thoroughly cleaned and dried prior to each determination. Soybean oil (2.5 g) was weighed directly in the reaction vessels and mixed vigorously for 30 s. The SRSGH or SRSGH-I to V (0.5 g) and Tween-80 (0.2 g) were added to the soybean oil and mixed with a vortex for 30 s. The air-flow rate through the sample was adjusted to 20 L/h. The volatile reaction products released during oxidation of soybean oil were collected in 60 mL of distilled water in the collection vessel. The change in the conductivity was plotted automatically until the endpoint was reached. With each soybean oil oxidation, a control test (without hydrolysates or permeates) was included and subjected to the same experimental conditions. The antioxidative activity was measured in duplicate for each sample and the IP (in hours) was recorded. The relative antioxidative activity of SRSGH and SRSGH-I to V was expressed as the protection factor (PF), defined as follows: PF = IP of soybean oil with hydrolysate or permeate IP of soybean oil with distilled water (control)
Radical scavenging activity
The DPPH free radical scavenging activity of SRSGH and SRSGH-III was measured as described by Nanjo et al. (1996) . A 60 μL peptide solution (or ethanol as control) was added to 60 μL of DPPH (60 μM) in ethanol solution. After mixing vigorously for 10 s, the solution was transferred into A 100 μL quartz capillary tube, and the scavenging activity of peptide on DPPH free radical was measured using a JES-FA electron spin resonance (ESR) spectrophotometer (JEOL Ltd., Tokyo, Japan). The spin adduct was measured on an ESR spectrophotometer exactly 2 min later. Experimental conditions were as follows: magnetic field, 336.5±5 mT; power, 5 mW; modulative and/or ACE-inhibiting activities by enzymatic hydrolysis and fractionation using the UF system.
Although several studies have examined the fractionation and isolation of functional peptides from hydrolysates of fish skin (Kim et al., 2001a (Kim et al., , 2001b Mendis et al., 2005) , with the exception of Kim et al. (2011) , no research has evaluated the feasibility of using rockfish skin gelatin as a source of functional gelatin hydrolysates. The objective of this study was to obtain a fraction with high antioxidant activity from rockfish skin gelatin hydrolysates by fractionation through UF membranes.
Materials and Methods

Materials
Korean rockfish skin, a byproduct of sliced raw fish production, was obtained from the Geoje National Federation Fisheries Cooperatives (Geoje, Korea) in December 2007. The skin was mechanically separated and residual muscle and scales were removed manually. After washing thoroughly with running tap water, the skin was placed in polyethylene bags and stored at -25°C until use.
Alcalase (2.4 LFG, from Bacillus licheniformis; optimal temperature, 55-70°C; optimal pH, 6.5-8.5) and Flavourzyme (500 MG, from Aspergillus oryzae; optimal temperature, 50°C; optimal pH, 7.0) were purchased from Novo Co. (Novo Nordisk, Bagsvaerd, Denmark).
The UF membrane bioreactor system (Amicon 8200, Millipore Co., MA, USA) and membranes (1, 5, 10, and 30 kDa) for fractionation of the second rockfish skin gelatin hydrolysates (SRSGHs) were purchased from Millipore Co. (Bedford, MA, USA).
All radical testing chemicals, including 1,1-diphenyl-2-picrylhydrazyl (DPPH), 5,5-dimethyl-1-pyrroline N-oxide (DMPO), 2,2′-azobis (2-amidinopropane) hydrochloride (AAPH), and α-(4-pyridyl-1-oxide)-N-tert-butylnitrone (4-POBN), were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).
All other reagents used in this study were of analytical grade and were used without any further purification.
Preparation and fractionation of the second gelatin hydrolysates
The Korean rockfish skin gelatin and its first gelatin hydrolysate (FRSGH), which was used for the SRSGH and its fraction, were prepared as described by Kim et al. (2010) . The SRSGH was prepared by further incubating the FRSGH, which included gelatin hydrolysate digested with Alcalase for 2 h and with Flavourzyme for 1 h, at a protein-to-enzyme ratio of 100:2 (w/w) at 50°C.
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Molecular weight profile
Aliquots of 20 µL of SRSGH and SRSGH-III were injected onto a Shodex protein KW-804 column (i.d. 8×300 mm; Showa Denko, Tokyo, Japan), equilibrated with 50 mM sodium phosphate buffer (pH 6.0) containing 100 mM NaCl, and analyzed using HPLC (LC-10AT vp; Shimadzu, Kyoto, Japan) at a flow rate of 1 mL/min. The elution profile of the protein was monitored using a UV-Vis detector (SPD-10AV vp; Shimadzu) at 215 nm. The molecular weights of the standard proteins (Sigma-Aldrich Chemical Co., St. Louis, MO, USA) used were as follows: aprotinin (6,500 Da), cytochrome c (12,400 Da) carbonic anhydrase (29,000 Da), bovine serum albumin (66,000 Da), and alcohol dehydrogenase (150,000 Da).
Amino acid composition
The amino acid compositions of SRSGH and SRSGH-III containing antioxidative peptides were determined using an amino acid analyzer (Biochrom. 30; Pharmacia. Biotech, Uppsala, Sweden). The samples (50 mg) were hydrolyzed in 6 N HCl in evacuated/sealed tubes at 110°C for 16 h. The acidtreated sample was evaporated to dryness at 50°C in a vacuum evaporator, diluted with sodium citrate buffer (pH 2.2), and then used as a sample for amino acid analysis.
Results and Discussion
Protection factor
The antioxidative activities, expressed as PF, of SRSGH-I to V are shown in Fig. 1 . The antioxidative activity was hightion frequency, 9.41 GHz; amplitude, 1×1,000; sweep time, 30 s.
The hydroxyl radical scavenging activity was measured with a JES-FA ESR spectrophotometer (JEOL Ltd. Tokyo, Japan) using the method of Rosen and Rauckman (1980) . Hydroxyl radicals were generated by the Fenton reaction (Fe 2+ +H 2 O→OH+OH -), a well-known and -defined generator of
• OH, and the radicals produced were reacted rapidly with a nitron spin trap with DMPO. The reaction mixture contained 20 μL of sample, 20 μL of 0.3 M DMPO, 20 μL of 10 mM FeSO 4 ․ 7H 2 O, and 20 μL of 10 mM H 2 O 2 . The resultant DM-PO-OH adducts were investigated and the ESR spectrum was recorded after 2.5 min. The measurement conditions were as follows: central field, 3475 G; modulation width, 0.2 mT; amplitude, 100 mT; microwave power, 1 mW; sweep width, 10 mT; and temperature, 298 K. Superoxide radicals were generated by ultraviolet (UV) irradiation of a riboflavin/EDTA solution and their scavenging abilities were investigated using the method of Zhao et al. (1989) . The reaction mixture containing 0.8 mM riboflavin, 1.6 mM EDTA, 800 mM DMPO, and samples was irradiated for 1 min under a UV lamp at 365 nm. The mixture was transferred to a 100 μL quartz capillary tube of the ESR spectrometer for measurements. Experimental conditions were as follows: magnetic field, 336.5±5 mT; power, 10 mV; modulation frequency, 9.41 GHz; amplitude, 1×1,000; sweep time, 1 min.
Alkyl radicals were generated by AAPH and their scavenging activities were investigated following the method of Hiramoto et al. (1993) . The reaction mixture containing 20 μL of distilled water, 20 μL of extract, 20 μL of 40 mM AAPH, and 20 μL of 40 mM 4-POBN was incubated at 37°C for 30 min. The reactants were transferred to a 50 μL glass capillary tube and fitted into the ESR spectrophotometer. The measurement conditions were as follows: central field, 3475 G; modulation width, 0.2 mT; amplitude, 500; microwave power, 8 mW; sweep width, 10 mT; and temperature, 298 K.
ACE-inhibiting activity
The ACE-inhibitory activities of SRSGH and SRSGH-III were assayed by measuring the concentration of hippuric acid liberated from hippuryl-His-Leu according to a modification of the method of Horiuchi et al. (1982) . For each assay, 15 μL of sample solution with 50 μL of ACE (purified enzyme from rabbit lung in solution, 60 mU/mL), and 100 μL of 0.1 M sodium borate buffer (pH 8.3) was pre-incubated at 37°C for 5 min and then incubated with 125 μL of substrate (5 mM hippuryl-His-Leu in 0.1 M sodium borate buffer containing 0.6 M NaCl, pH 8.3) at 37°C for 30 min. The reaction was stopped by adding 20 μL of 10% trifluoroacetic acid. The hippuric acid concentration was determined using high-performance liquid chromatography (HPLC; HP 1100; Hewlett Packed Co., Palo Alto, CA, USA) with a Zorbax 300SB C 8 column (4.6×150 mm). The IC 50 value was defined as the concentration of inhibitor required to inhibit 50% of the ACE-inhibitory activities. 73.7±1.9% compared with the control, which was higher than that of SRSGH (64.8±3.3%) but lower than that of 20 mM ascorbic acid (83.4±1.5%), a natural antioxidant.
In comparing our results to an analysis of the ESR spectrum, SRSGH-III exhibited dose-dependent scavenging effects on all four kinds of radicals, but the degree of scavenging differed. Among the four radicals, DPPH and hydroxyl radicals were scavenged most effectively. est in SRSGH-III (PF=5.13), followed by the SRSGH-IV fraction (PF=2.12). The antioxidative activities of the other fractions ranged from 1.25 to 1.86. When compared with the antioxidant activity of 20 mM ascorbic acid, those of SRSGH-III and -IV were higher, while those of SRSGH-I, -II, and -V were lower. These results suggest that SRSGH-III contained peptides with higher antioxidant activities. Mendis et al. (2005) reported that antioxidant peptides isolated from hoki skin gelatin hydrolysate were composed of His-Gly-Pro-LeuGly-Pro-Leu. Kim et al. (2001b) reported that the peptides (P1 and P2) fractionated and isolated from gelatin hydrolysate of Alaska pollock skin were composed of 13 and 16 amino acid residues, respectively, and that both peptides contained glycine residues at the C-terminus and repeating glycine-prolinehydroxyproline. These reports, as well as our results, suggest that sequential enzymatic hydrolysis of rockfish skin gelatin with Alcalase/Flavourzyme followed by fractionation are suitable methods for obtaining antioxidant peptides.
Radical scavenging activity
The ability of SRSGH and the SRSGH-III fraction to scavenge DPPH free, hydroxyl, superoxide, and alkyl radicals was determined using an electron spin trapping technique. The resultant chromatograms, expressed as the ESR signal intensity, and their radical scavenging activity, expressed as a percentage of the ESR signal intensity of control samples, are shown in Figs. 2 and 3 , respectively. Treatment with SRSGH-III led to increased scavenging activity and the generation of DPPH radicals by 93.0±2.2% at a concentration of 4 mg/mL compared with the control sample. This antioxidant activity was higher than that of SRSGH (45.8±1.0%), but similar to that of 20 mM ascorbic acid (95.5±0.2%). In the presence of the same concentration of SRSGH-III, the signals of the superoxide anion-DMPO spin adduct generated in the irradiated riboflavin system were suppressed by 73.8±0.4%, which was higher than observed for SRSGH (67.8±1.5%) but lower than found for 20 mM ascorbic acid (77.4±0.4%).
The Fenton reaction was utilized to generate hydroxyl radicals, and the typical 1:2:2:1 ESR signal of the DMPO-OH adduct was also suppressed at a relatively high percentage of 95.2±0.1% with the same concentration of SRSGH-III. This was similar to that of SRSGH (94.7±4.8%) but higher than that of 20 mM ascorbic acid (93.0±0.3%). These results likely reflect that all organic molecules, including peptides, are highly susceptible to oxidization by extremely reactive hydroxyl radicals . This higher activity could also be due to a higher chelating ability, which retards the generation of hydroxyl radicals via the Fenton reaction . Alkyl radicals were generated from AAPH in the presence of 4-POBN (Kong et al., 2009) . As shown in Fig.  2 , treatment with SRSGH-III significantly reduced the intensity of the spin adduct of the 4-POBN radical generated from AAPH at a concentration of 4 mg/mL; inhibitory activity was http://e-fas.org tions of SRSGH and SRSGH-III were found for hydroxyproline, threonine, glycine, and arginine. The results of this study demonstrate that the SRSGH-III fraction showed relatively high antioxidant and ACE-inhibiting activities. Consumer demand for natural functional foods has increased, and the SRSGH-III fraction reported herein may be used as a functional food ingredient for its antioxidant properties. However, additional studies of the antioxidant activities of SRSGH-III in vivo and its antioxidant mechanisms are needed.
Acknowledgments
This work was supported by Korea Research Founda-
ACE-inhibiting activity
The ACE-inhibiting activities, expressed as IC 50 values, of SRSGH and the SRSGH-III fraction are shown in Fig. 4 . The ACE-inhibiting activity of SRSGH-III was 0.82 mg/mL, which was similar to that of SRSGH (1.10 mg/mL) but superior to that of FRSGH, as reported by Kim et al. (2011) . Jeon et al. (2000) studied the functional properties of the supernatant and permeates from cod frame protein hydrolysates using UF membranes with MWCOs of 30, 10, 5, and 3 kDa, and reported that the 10-K and 3-K permeates showed high antioxidative activity and excellent ACE-inhibitory activity, respectively.
These results suggest that the SRSGH-III fraction exhibited the highest antioxidative activity and thus may be used as a food ingredient to improve health and functional properties, such as antioxidative and ACE-inhibiting activities.
Molecular weight profile
SRSGH and the SRSGH-III fraction were separated using gel chromatography on a Sephadex G-50 (Sigma-Aldrich CO. MA, USA) instrument to analyze the peptide size; results are shown in Fig. 5 . Both SRSGH and the SRSGH-III fraction exhibited broad single peaks on the chromatogram. The absorbances were detected in the fractions collected from 19.5-25.5 min for the SRSGH, and from 20.5-25.5 min for the SRSGH-III. This result indicated a decrease in molecular weight according to membrane fractionation (Chang et al., 2007) . The chain lengths of the peptides, which depend on the degree of hydrolysis and membrane size, are of particular interest with respect to organoleptic and health/functional characteristics (Gbogouri et al., 2004) . As expected, when compared to the SRSGH, the relative proportion in the SRSGH-III decreased at the 29.0 kDa peak. Jeon et al. (2000) reported a similar correlation between the molecular weight of the fraction obtained with UF membranes and the specificity of the antioxidative activity.
Amino acid composition
The amino acid compositions, expressed as g/100 g amino acids, of SRSGH and SRSGH-III are shown in Table 1 . Both SRSGH and SRSGH-III were rich in hydroxyproline (8.8% and 11.8%, respectively), glycine (25.9% and 18.0%, respectively), proline (10.8% and 11.7%, respectively), alanine (9.1% and 9.4%, respectively), glutamic acid (9.1% and 9.4%, respectively) and arginine (9.2% and 12.8%, respectively), but poor in threonine (2.5% and not detected, respectively), cystine (not detected in either product), valine (2.1% in both products), methionine (1.6% and 1.5%, respectively), isoleucine (0.8% in both products), leucine (1.9% and 2.0%, respectively), tyrosine (0.4% and 0.5%, respectively), hydroxylysine (0.9% and 1.2%, respectively), and histidine (0.9% and 1.2%, respectively). Thus, differences in the amino acid composi- *** of SRSGH and SRSGH-III. * SRSGH, rockfish skin gelatin hydrolysate digested sequentially with Alcalase for 1.0 h/Flavourzyme for 2.0 h; SRS-GH-III, permeates permeated from SRSGH through the 10 kDa membrane but not permeated through the 5 kDa membrane, ** ACE inhibition was determined with 15 uL of each hydrolysate, *** ‡ IC 50 value was defined as the concentration of inhibitor required to inhibit 50% of the ACE inhibitory activity. *SRSGH: rockfish skin gelatin hydrolysates sequentially hydrolyzed with Alcalase for 1.0 h/Flavourzyme for 2.0 h. SRSGH-III: permeates from SRSGH through the 10 kDa membrane but not permeated through the 5 kDa membrane.
